Here we show that, in single perovskite CsPbI 3 nanocrystals synthesized from a colloidal approach, a bright-exciton fine-structure splitting as large as hundreds of μeV can be resolved with two orthogonally and linearly polarized photoluminescence peaks. This doublet could switch to a single peak when a single CsPbI 3 nanocrystal is photocharged to eliminate the electron-hole exchange interaction. The above findings have prepared an efficient platform suitable for probing exciton and spin dynamics of semiconductor nanostructures at the visible-wavelength range, from which a variety of practical applications such as in entangled photon-pair source and quantum information processing can be envisioned.
The electron-hole exchange interaction (e-h EI) is greatly enhanced in quantum-confined semiconductor nanostructures, leading to the energy-level splitting between brightand dark-exciton states [1, 2] . In semiconductor epitaxial quantum dots (QDs), the dark excitons are generally nonemissive without applying a magnetic field [3] and the bright-exciton state is further divided into two orthogonally and linearly polarized ones [4] . The existence of such a bright-exciton fine-structure splitting (FSS) has been positively employed to generate a target wave function from coherent superposition of the two constituent states [5] and to develop a two-bit conditional quantum logic in the twoexciton configuration [6] . Meanwhile, complete elimination of this bright-exciton FSS has been actively pursued to realize a polarization-entangled photon-pair source [7] [8] [9] [10] for fundamental tests in quantum mechanics and optics [11] , as well as for practical applications in quantum communication [12] [13] [14] . Interestingly, the dark excitons in colloidal semiconductor nanocrystals (NCs) are rendered emissive due to spin-mixing interactions with several proposed sources [2, [15] [16] [17] , and the exciton FSS in this case usually refers to their energy separation from that of bright excitons [18, 19] whose doublet states were rarely resolved. Even in the few limited reports on single CdSe NCs [20, 21] , the random orientation of their crystallographic axis, together with the photoluminescence (PL) blinking and spectral diffusion effects, posed severe obstacles to investigating the polarized bright-exciton FSS so that its existence is still questionable [22] .
Colloidal perovskite NCs have just emerged as a new type of semiconductor nanostructure [23] [24] [25] capable of emitting single photons without the influence of dark-exciton emission [26] [27] [28] . Moreover, the suppressions of both the PL blinking and spectral diffusion effects were successfully demonstrated in single perovskite CsPbI 3 NCs [29] . Here we show that the bright-exciton FSS can be easily observed in single CsPbI 3 NCs at the cryogenic temperature, with an energy separation as large as hundreds of μeV between the two orthogonally and linearly polarized states. With the laser excitation at an intermediate power, this PL doublet of neutral single exciton (X) would switch to a single peak of singly charged single exciton (X − ). When the laser power is further increased, PL doublets from neutral biexciton (XX), charged biexciton (XX − ), and doubly charged single exciton (X 2− ) could be additionally observed. Based on the FSS values obtained from various exciton species, the isotropic and anisotropic e-h EI energies can be roughly estimated, which has provided valuable information on the fundamental electronic processes in these novel perovskite NCs.
According to the same methods as reported previously [29] , the perovskite CsPbI 3 NCs studied here were colloidally synthesized with a cubic size of ∼9.3 nm, and all the optical characterizations of single CsPbI 3 NCs were performed at the cryogenic temperature of ∼4 K (see experimental details in the Supplemental Material [30] ). The 570 nm output of a 5.6 MHz picosecond fiber laser was used as the excitation source and its output power could be adjusted to tune the number of excitons (N) created per pulse in a single NC (see Fig. S1 in the Supplemental Material [30] for the estimation of N). In Fig. 1(a) , we plot the PL spectra collected, respectively, at 0º (red), 45º (black), and 90º (blue) for a representative CsPbI 3 NC excited at N ¼ ∼0.05, where the 0º corresponded to the angle of the polarizer set before the spectrometer to get a maximum PL intensity from the higher energy peak of the observed PL doublet. The possibility that more than one NC contributed to this orthogonally and linearly polarized PL doublet was safely ruled out from the second-order photon correlation measurement that yielded a g 2 ðτÞ value of ∼0.05 at the zero time delay and the polarization angle of 45º [ Fig. 1(b) ]. As shown in Fig. 1(c) , the PL decay curves measured for the higher (red) and lower (blue) energy peaks could both be fitted with single-exponential lifetimes of ∼0.93 and ∼1.02 ns, respectively, thus confirming their bright-exciton nature of the optical emission. With a spectral resolution of ∼200 μeV in the PL measurements, we plot in Fig. 1(d) a statistical distribution of the FSS values measured for ∼80 single CsPbI 3 NCs as a function of their emission energies of the higher energy components of the doublet transitions, from which an average value of 356 AE 108 μeV could be obtained.
In our previous report [29] , most of the studied CsPbI 3 NCs had a single PL peak with a linewidth close to ∼200 μeV and only ∼10% of them possessed relatively broader peaks with the PL doublets being not clearly resolved. Although the same synthesis procedure was nominally adopted, almost 80% of the total CsPbI 3 NCs studied here demonstrated an obvious FSS effect, implying that it is very sensitive to some trivial conditions that are too difficult to be actively controlled right now. In semiconductor epitaxial QDs, the bright-exciton FSSs from tens to hundreds of μeV are normally caused by the QD anisotropies in shape and strain [1] . The above two factors can be largely ruled out in perovskite CsPbI 3 NCs since they are associated with an almost symmetric shape from the TEM measurement [29] , and the apparent lack of the sizedependent FSSs in Fig. 1(d) excludes the participation of strain-induced piezoelectric fields that should be monotonically influenced by the size or volume [31] . Since the crystal structures are intimately related to the FSSs in epitaxial QDs [32, 33] , we speculate that it might be the lattice anisotropy, amenable to possible influences in each synthesis process, that contributes to the large FSSs observed here in single CsPbI 3 NCs. Recently, a PL anisotropy as large as ∼40% was observed from a solid film of ensemble CsPbI 3 NCs, while it completely disappeared in the case of CsPbBr 3 NCs [34] . It was proposed that the replacement of bromide by bigger iodine atoms would distort the cubic structure to break the space inversion symmetry, resulting in anisotropic dipole moments along the three crystal directions [34] . Although the exact origins are yet to be investigated both theoretically and experimentally in future works, it does not hinder us at the current stage to explore the fundamental properties of this intriguing FSS effect in perovskite CsPbI 3 NCs.
These PL doublets are very robust against the measurement time, as can be seen in Fig. 1(e) from the timedependent PL spectral image of a representative CsPbI 3 NC also excited at N ¼ ∼0.05. When the laser power was increased to make N > ∼0.5, a PL doublet would switch occasionally to a redshifted peak [see Fig. 1 (f) and Figs. S2(a) and S2(b) in the Supplemental Material [30] ]. Similar to the case of colloidal CdSe NCs [35] , this new spectral feature observed here in single perovskite NCs was previously attributed to the optical emission from X − [29] (see the Supplemental Material [30] for discussions on the sign of charged excitons), whose total electron spin is zero so that the e-h EI vanishes to render a single PL peak without the FSS [31, 36] . In previous optical studies of single perovskite NCs [28, 29] , both the X and X − peaks existed within a given integration time due to the extremely fast charging and decharging events. In great contrast, the PL spectrum of X − studied here in single CsPbI 3 NCs could be well separated from that of X in the time domain and even lasted for tens of minutes once N was decreased to ∼0.1 after it was triggered at higher laser powers [see Fig. S2 (c) in the Supplemental Material [30] ]. Because the X − state can be treated as a pure two-level system with a well-defined spin [37] , its easy access and long-time stability shown here in single CsPbI 3 NCs highlight their great potentials in quantum technology applications such as spin storage, manipulation, and readout [38] .
When the laser excitation power was further increased, optical emissions from more complex exciton species could be observed in single CsPbI 3 NCs, which are the hallmarks of their greatly reduced Auger recombination processes. In Fig. 2(a) , we plot the time-dependent PL spectral image of a representative CsPbI 3 NC excited at N ¼ ∼1.5. Since the PL peak from X (X − ) has already been defined in Fig. 1(f) for this single NC excited at N ¼ ∼0.8, the accompanying one emitted at a longer wavelength can be safely attributed to the optical emission from XX (XX − ). We tentatively assign an additional PL peak, redshifted only a little bit relative to that of X − , to the optical emission from X 2− due to the addition of an extra electron to the X − configuration. Corresponding to Fig. 2(a) , the PL spectra of X, XX, X − , XX − , and X 2− are sequentially plotted in Figs. 2(b)-(f) (see Fig. S3 in the Supplemental Material [30] for a full PL spectrum of this single NC), where the emergence of FSSs in XX and XX − is naturally expected according to previous optical studies of single epitaxial QDs [8] [9] [10] 39, 40] . In Figs. S4 and S5 of the Supplemental Material [30] , we demonstrate similar results from four more CsPbI 3 NCs to justify the universal appearance of all the above exciton species.
Next, we will elaborate more on the optical properties of XX since its existence is a prerequisite for the realization of entangled photon pairs by means of electrical [41] , optical [42] , magnetic [3] , or piezoelectric [43] tuning of the X FSSs. In Fig. 3(a) , we plot the PL spectra of a representative CsPbI 3 NC excited at N ¼ ∼1.5, with two sets of orthogonally and linearly polarized PL doublets originating from X and XX, respectively (see the inset for an enlarged view of the XX peaks). The higher (lower) energy X and the lower (higher) energy XX peaks have the same linear polarization because the two cascading channels, each from XX to the ground state with X being an intermediate state, should conserve the same total energy [3, [41] [42] [43] . As shown in Fig. 3(b) , the X and XX PL intensities have linear and quadratic dependences on the laser excitation power, respectively, thus confirming again the correctness of their respective origins [44] . Similar dependences of the X − and XX − PL intensities on the laser excitation powers are shown in Fig. S6 of the Supplemental Material [30] . In Fig. 3(c) , we plot the PL decay curves measured for various exciton species for this specific CsPbI 3 NC, whose single-exponential fittings yielded the PL lifetimes of ∼1.07, ∼0.83, ∼0.41, and ∼0.36 ns for X, X − , XX, and XX − , respectively (see Fig. S7 in the Supplemental Material [30] for similar PL decay curves measured for three other representative CsPbI 3 NCs). Because the PL lifetime ratio of ∼2.61 between X and XX is larger than the expected value of 2 [45, 46] and the PL intensity of XX is several times lower than that of X even at the highest excitation power in our experiment [ Fig. 3(b) ], we speculate that nonradiative Auger recombination might still contribute to the XX decay process. From statistical measurements of ∼50 single CsPbI 3 NCs for the energy differences between X and XX [ Fig. 3(d) ], the average binding energy of XX was calculated to be ∼14.26 AE 1.53 meV, which is relatively larger than those of ∼7.61 AE 1.43, ∼8.78AE1.08, and ∼2.19AE0.63meV obtained for X − , XX − , and X 2− , respectively (see Fig. S8 in the Supplemental Material [30] ). As shown in Fig. S9 of the Supplemental Material [30] , the X FSS value increases slightly with the increasing XX binding energy, which implies that the overlap of e-h wave functions and the anisotropy in NC composition may also play a role in the e-h EI [47] .
The origin of the PL doublet in Fig. 2 (f) from X 2− can be strongly corroborated by the fact that it starts from and ends into the X − PL peak in a time-dependent PL spectral measurement (see Fig. S10 in the Supplemental Material [30] ), which can be plausibly explained by the acquirement and release of an extra electron in the perovskite CsPbI 3 NC. Moreover, the PL intensity of the lower energy peak is about twice that of the higher energy one, which can be similarly found in other single CsPbI 3 NCs (see Figs. S4 and S5 in the Supplemental Material [30] ). This fixed PL intensity ratio of X 2− has been well explained in previous optical studies of single epitaxial QDs involving FSSs in the initial and final recombination states [32, 40, 48, 49] (see the schematics of Fig. S11 and related discussions in the Supplemental Material [30] ). The FSS of X 2− , together with those of X and XX − , can provide valuable information on the degrees of various e-h EIs in perovskite CsPbI 3 NCs. The FSS of XX − is equal to the isotropic 1e 1 -1h 1 EI energy (Δ 1 0 ) and that of X to the anisotropic 1e 1 -1h 1 EI energy (Δ 1 1 ) [39, 50] . The FSS of X 2− gives the isotropic 2e 1 -1h 1 EI energy (Δ 2 0 ), while its anisotropic 2e 1 -1h 1 EI energies (Δ 2 1 and Δ 2 2 ) can be generally neglected (see Refs. [32, 40] , as well as the Supplemental Material [30] for further discussions). In the above notations (1e 1 -1h 1 and 2e 1 -h 1 ), the number before and the superscript of e (h) denote the shell and the number of electrons (holes) participating in the EI interaction. As listed in Table I [32] in the FSS of perovskite CsPbI 3 NCs.
To summarize, we have observed energy-level FSSs of various exciton species in single perovskite CsPbI 3 NCs, which are "atomiclike" features typically possessed only by epitaxial QDs. The above findings signify that perovskite NCs are equipped with a "hybrid" feature to bridge the longmissing gap between epitaxial QDs and colloidal NCs to get these two important semiconductor nanostructure systems coherently connected. Moreover, the intrinsic energy-level structures resolved here from perovskite NCs have not only brought them into the potential applications in quantum information processing but also provided valuable information on the basic electronic processes of their bulk (film) counterpart for optimal device performances. We are optimistic that abundant research opportunities exist in the bright-exciton FSS itself to stimulate great theoretical and experimental interests in perovskite NCs. Theoretically, the most challenging task is to set up a suitable model correlating the observed FSS values to specific origins. It is also necessary to determine the light-or heavy-hole nature of the band-edge excitons as well as their exact energy-level alignments. Experimentally, the electrical, magnetic, or optical field could be applied to a single perovskite NC to tune the bright-exciton FSS, the response of which will be analyzed not only to reveal its real underlying mechanism but also to seek the possibility of realizing entangled photon pairs at the visible-wavelength range. With the 5.6 MHz laser excitation at N ¼ ∼1.0, the single-photon detector counts could reach 6 kcounts per sec from the X emission of a single CsPbI 3 NC, which are close to the high counts of modern epitaxial QDs integrated into, e.g., a nanowire waveguide [51] . To make single perovskite NCs a potent nanostructure object in both fundamental studies and practical applications, it would be necessary to further increase the photon extraction efficiency by embedding them into various optical structures such as a dielectric antenna [52] and an open planar-concave cavity [53] . 
